We have investigated the viscoelastic properties of poly(vinyl alcohol) (PVA) gels loaded with a polyelectrolyte particle of poly(styrene-co-sodium styrene sulfonate) to find the effect of electric charges on the storage modulus of the gel. The storage modulus decreased with increasing volume fraction of particles, and it was independent of the strain, indicating linear viscoelasticity. The viscoelastic properties of PVA gels containing non-charged particles of aluminium hydroxides were also studied. While the degree of swelling kept a constant value, the storage modulus largely increased with the volume fraction. PVA gels containing noncharged particles underwent a large nonlinear viscoelastic response suggesting the particles connect each other in the gel. Viscoelastic properties of the PVA gel loaded with charged and non-charged particles have also been discussed.
Introduction
Composite gels consist of polymer network, solvent, and filler of inorganic substances. The gels show unique phenomena originating from the physical features of the filler loaded in the polymer network. Polymer gels containing magnetic substances or ferroelectrics are typical examples of composite gels, and they demonstrate a variety of motions in response to magnetic or electric fields [1] . Poly(vinyl alcohol) (PVA) gels containing magnetic fluids undergo abrupt elongation or contraction under non-uniform magnetic fields [2] . Poly(dimethylsiloxane) gels loaded with titania (TiO 2 ) possess bending phenomena under alternating electric fields [3] . Besides these, an actuator made of composite gels has been proposed for optical devices. Liquid-crystalline gels exhibit unique optical properties depending on the orientation of the liquid-crystalline molecules, and have been used as wide-band reflective polarizers [4] and electrically switchable mirrors [5] .
We have tried to control the elastic modulus of composite gels by using physical fields, e.g. electric or magnetic fields. For example, the storage modulus of silicone gels containing ferroelectrics decreased in the presence of dc electric fields (negative electrorheological effect) [6, 7] . PVA gels containing magnetic fluids show an increase in its Young's modulus under magnetic fields [8] . Changes in the elastic modulus due to magnetization for a magnetic gel occur not only in the low frequency such as 1 Hz but also in the frequency region of ultrasounds (~MHz) [9, 10] . Carrageenan gels containing magnetic particles exhibit giant reduction in the dynamic modulus of more than 10 MPa [11, 12] . The giant reduction in the modulus so far is irreversible; however, it could be applied for active dampers with a wide range of modulation.
Probably, not only magnetic interactions but also electric ones would change the elastic modulus of gels. Accordingly, the elastic modulus of gels would be controlled by means of electric fields. The magnetic field sensitive gel mentioned above needs a large magnet and power supply to drive the gel. This is one of the restrictions in the applications of the magnetic field sensitive gel. In contrast, the electric field sensitive gel does not need such large apparatuses and it can be utilized as small actuators. In the present paper, we investigated whether the electric dipole interaction acting on charged particles enhances the elastic modulus of gels or not. Non-charged polymer network of PVA and anionic charged particles were used. PVA gel is suitable as a matrix of electric field sensitive gels since no significant contraction on application of electric fields such as polyelectrolyte gels is seen in PVA gels. The charged particle is a polyelectrolyte (PE) particle and it has core-shell structure; the core consists of styrene and the shell consists of styrene sulfonate with sulfonate groups. There should be strong electrostatic force, which is defined by the Coulomb low, between the particles. Additionally, PVA gel loaded with non-charged particles of aluminium hydroxides (AH) was also studied. Both PE and AH particles can be homogeneously dispersed in an aqueous solution without any precipitations. Storage modulus, nonlinear viscoelastic response for these gels have been discussed. Fig. 1(a) shows a schematic illustration of the polyelectrolyte (PE) particle, poly(styrene-co-sodium styrene sulfonate), used in the present study. Fig. 1(b) shows a SEM photograph of the PE particles that were self-organized on a glass plate. Uniform particles with a spherical shape were observed. According to the SEM image, the number-averaged diameter d n and the coefficient of variation of the particle size distribution c v was determined to be 235 nm and 3.1, respectively. The occupied surface area by a charged group for the PE particle was determined to be 96. 8 Å 2 . As seen in the photograph, the particle demonstrated a self-organization by aggregation on a methylated glass plate only in the presence of 100 mM NaCl. Contrary to this, no particle organization occurred in the absence of NaCl. This strongly suggests that electric repulsive forces arise between the particles in pure water. Details of the self-organization for the PE particles have been described in the literature [13] . Strain dependence of the storage modulus for PVA/PE gel is shown in Fig. 2 
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(a).
Storage moduli for PVA gel without PE particles and for PVA gel containing aluminium hydroxides (AH) particles are also presented in the figure. The storage modulus of PVA/PE gel was nearly equal to that of PVA gel without particles. The storage modulus of PVA/AH gel was much higher than the modulus of PVA/PE gel, in spite of the fact that there was no large difference in the volume fractions between these gels.
Fig. 2(b)
shows the strain dependence of the normalized storage modulus for the gels shown in Fig. 2 (a). E'/E' L appears the storage modulus normalized by the modulus at the lowest strain E' L approximately γ~ 5×10 -5 . It was observed for PVA gel and PVA/PE gel that the storage moduli were nearly independent of the strain. On the other hand, the storage modulus for PVA/AH gel was independent of the strain only in lower strains; however, it largely decreased in higher strains. This nonlinear viscoelastic response can be understood as the Payne effect [14] that was observed for a filled rubber such as carbon black or a magnetic gel containing barium ferrite particles [12] . For the magnetic gel, nonlinear viscoelastic response is very weak at φ<0.12 and suddenly enhances at φ>0.14. We considered that the large decrease in the modulus with strain originated from temporary destruction of connections between the particles. It is worthwhile to mention that the AH particles form a structure showing a high modulus and large nonlinearlity at the low volume fraction with φ~5.0×10 -2 .
As seen in Fig. 3 , AH particles were well dispersed in the aqueous solution of sodium hexametaphosphate. The mean diameter of the AH particle was determined to be 1.4 μm by laser diffraction measurements. The zeta potential of the particle was estimated to be -66 mV, which is enough for random dispersion. The AH particles are randomly dispersed in the solution before gelation; however after gelation the particles make a structure that is not a random dispersion. 
Here, w wet and w dry represent the weight of a wet gel (PVA+particle+water) and dried gel (PVA+particle), respectively. w p stands for the weight of PE or AH particles. For composite gels, the weight of solid particles should be subtracted from the weight of each dried and wet gel. Fig. 4(a) shows the degree of swelling for PVA/PE gels as a function of the volume fraction of PE particles. Particle effect on the degree of swelling was investigated for the PVA/PE gels synthesized using 2.5 and 5.0 wt.% aqueous solutions of PVA. The degree of swelling depended on the concentration of PVA. It had a trend that the degree of swelling increased with the volume fraction, independently of the PVA concentration. Particularly, the degree of swelling for the gel with 2.5 wt% PVA largely increased with the volume fraction. The PVA/PE gel with 2.5 wt% PVA was softer than the gel with 5.0 wt% PVA. The large increase in the degree of swelling may be attributed to the electric repulsive force between PE particles. Fig. 4(b) shows the volume fraction dependence of the storage modulus at linear viscoelastic regime (γ~1×10 -4 ). The samples used in the rheological measurement are the same as those used in the swelling degree measurement (Fig. 4a) . The storage moduli for PVA/PE gels decreased with increase in the volume fraction of particles, which corresponds to the increase in the degree of swelling. Generally, the elastic modulus of composite gels increases with increasing the volume fraction of solid particles. For example, the tensile modulus of poly(N-isopropylacrylamide) gel containing latex particles increases with the concentration of latex particles [15] . The storage modulus of magnetic gels dramatically increases with increasing the volume fraction of magnetic particles because the particles make clusters in the gel [12] .
The broken line in the figure represents the theoretical curve of E' calculated by Krieger-Dougherty equation as follows [16] 
where E' shows the storage modulus of PVA/PE or PVA/AH gels. E' 0 stands for the storage modulus of PVA gel without particles. φ m stands for the maximum volume fraction of particles, which is nearly equal to 0.63 for hard spheres [17] . The storage modulus only below the volume fraction of 0.01 obeyed the above equation. This means that AH particles are randomly dispersed in the PVA gel. The storage modulus above the volume fraction of 0.01 did not follow the equation suggesting the AH particles are not randomly dispersed in the gel. It is considered that the particles come in contact with each other and make a structure with a high modulus. This consideration can be supported by the data shown in Fig. 2 that the PVA gel showed Hookean viscoelastic response and the PVA/AH gel showed nonlinear one. Similar behaviours i.e. large increase in the modulus and nonlinear viscoelasticity were observed for various magnetic gels [11, 12] . The screening length ξ by electrostatic interactions between particles was estimated in order to clear effects of the electrostatic interaction between particles on storage moduli quantitatively. When a swelling solvent is pure water, the screening length can be written as Here, ε stands for the dielectric constant of pure water at 20.0 ºC that is equal to 7.09×10 -10 . k B denotes the Boltzmann constant, T the absolute temperature, e the elementary electric charge, σ e the surface charge density of PE particles. The surface charge density of the particle was evaluated to be 0.165 C/m 2 by colloid titration. The screening length was determined to be 1.03×10 -5 m. On the other hand, the distance between the nearest neighbour particles L can be explained by the following equation
where φ p and r appear as the volume fraction and the radius of PE particles, respectively. The distance between nearest neighbour particles is summarized in Tab. 1. The maximum distance between particles was 4.4r (=5.2×10 -7 m) when the volume fraction of particles was 6.3×10 -3 . The screening length was far longer than the distance between the nearest neighbour particles (ξ/L~20). Therefore, the electrostatic interaction due to the surface charge should occur beyond particles, however the interaction is considered to be weak which is not enough to change the elastic modulus of PVA/PE gels.
Tab. 1.
Distance between nearest neighbour particles L determined by Eq. (4).
6.3×10 
Conclusions
We have investigated the viscoelastic properties of a poly(vinyl alcohol) gel loaded with polyelectrolyte particles (PVA/PE gel) and non-charged particles of aluminium hydroxides (PVA/AH gel). PVA/PE gels showed the viscoelasticity that obeys the Hooke's law. The storage modulus of PVA/PE gels decreased with increasing the volume fraction of particles, because of the increase in the degree of swelling. On the other hand, PVA/AH gels performed a large nonlinear viscoelastic response suggesting AH particles connect each other with weak forces. The storage modulus of PVA/AH gel increased with the volume fraction without satisfying the model that particles are randomly dispersed in matrices. The screening length due to surface charges of PE particles was far longer than the distance between the nearest neighbour particles. Therefore, the electrostatic interaction should occur beyond particles; however the interaction is not enough to change the elastic modulus of PVA/PE gels.
Experimental part
Synthesis of PE Particles
Styrene (Wako chemicals Ltd.,) was purified by distillation under reduced pressure in a nitrogen atmosphere, and sodium p-styrene sulfonate (Tokyo Kasei Kogyo) was used after purification by recrystallization. Ammonium peroxodisulfate (APS, Kanto Chemicals) was used without further purification. Polyelectrolyte (PE) particles of [poly(ST-co-NaSS)] were synthesized by soap-free emulsion copolymerization of styrene (160 mmol) and sodium p-styrene sulfonate (0.4 mmol) with ammonium peroxodisulfate (1.6 mmol) as an initiator, with sodium sulfate (2.56 mmol) as an electrolyte. Total volume was constant at 160 mL. Polymerization was carried out at 70 °C for 24 h under a nitrogen atmosphere. The PE particles were purified by centrifugation and washing with deionized water several times. The solid content of the PE aqueous dispersion was estimated to be 5.6 wt.%.
Synthesis of PVA/PE Gels
The PVA/PE gel was synthesized by mixing an aqueous solution of 5 wt.% PVA and the aqueous solution in which the PE particles were dispersed. The PVA aqueous solution was prepared by dissolving the powder of PVA (Wako chemicals Ltd., degree of polymerization; 1750±50, degree of saponification; >98 mol%) in pure water at 100 °C for 2h. The PE aqueous solution was added in the PVA aqueous solution immediately after the PVA aqueous solution was cooled down to room temperature (~2 hours). PVA aqueous solutions stored in the laboratory were not used in the experiment because micro-crystals of PVA affect the physical properties of resultant gels. The total weight of PVA and the solution containing PE particles was fixed to 20 g for all samples. A 25 vol.% aqueous solution of glutaraldehyde (GDA) (Wako chemicals Ltd.,) was used as a crosslinking agent in the presence of hydrochloric acid. The samples were prepared in a glass mold with a silicone spacer to make a sheet-shaped gel with the size of 100×100×5 mm. The crosslinking density was kept to be 3 mol% for all gels. Crosslinking reactions were carried out at room temperature for 24 hours. To remove any unreacted linear polymer and crosslinking agent, the gels were immersed in a large amount of purified water for more than 6 days until equilibrium swelling was reached.
Synthesis of PVA/AH Gels
Aluminium hydroxide composite gels, which consist of aluminium hydroxide and PVA, were synthesized. Pre-gel solutions of the composite gels were prepared by mixing a PVA aqueous solution of 12 wt.% and an aqueous solution in which the particles of aluminium hydroxide (Wako Pure Chemical Industries, Ltd.) are dispersed. Sodium hexametaphosphate was added in the solution as a dispersing agent, and the solution was irradiated by ultrasounds for 10 minutes. The mean diameter of the particle was determined as 1.4 μm by laser diffraction measurements. Crosslinking reactions of PVA/AH gels were the same as PVA/PE gels.
Rheological Measurements
Dynamic viscoelastic measurements were carried out using a rheometer (Dve-V4, Rheology Co., Ltd). Oscillatory compressional strain γ=γ 0 sin2πft was applied to the gels and the stress response was measured; hence the elastic modulus obtained is Young's modulus. The frequency range was 1 Hz, and the oscillation amplitude was varied from approximately 1×10 -4 to 3×10 -2 . The offset strain with respect to the sample thickness was kept as 10 %. The viscoelastic measurement was performed at room temperature. The sample for the viscoelastic measurement was rectangular shape with the size of 10×10×5 mm. Each modulus was determined from an average of three measurements using different samples.
Microscope Observations
Surface morphologies of the PE particles were observed using a scanning electron microscope (SEM JSM-5310, JEOL) with an accelerating voltage of 25 kV. Details of the procedure to observe surface morphologies by SEM have been described in the literature [14] . Microscope observations for aluminium hydroxides particles in an aqueous solution of sodium hexametaphosphate were carried out using an upright microscope (Axio Imager M1m, Carl Zeiss, Inc.).
